Introduction
Mercury is one of the extremely toxic heavy metals to human beings. It is notorious because of Minamata Disease, 1 caused by the accumulation of Hg in fish tissues because of Hg pollution in the environment. This was then transferred to humans via consumption of the contaminated fish. For prevention of Hg poisoning in humans, the concentration of Hg in natural water or drinking water is regulated by World Health Organization (WHO, the United Nations), Environmental Protection Agency (EPA, USA), European Union (EU), Ministry of Health, Labor and Welfare (MHLW, Japan) and most other countries. For example, the concentration of Hg in drinking water as regulated by EPA and Water Supply Act (WSA, Japan) are 2 and 0.5 ng mL -1 , respectively. 2,3 The measurement of low-concentration Hg in natural water is therefore imperative in confirming the safety of natural water. However, the determination of Hg at such low concentrations is a challenge in most laboratories. The concentration of Hg may simply be too low for direct determination, or interference of other elements may prevent reproducible measurements. Cold-vapor generation is one of the more effective techniques for improving the sensitivity in Hg measurements by elevating the ionization rate. [4] [5] [6] [7] [8] [9] At the same time, preconcentration of Hg and separation of Hg from other elements is preferred prior to the measurement of Hg. As a result, various pretreatment techniques, such as solvent extraction, 10, 11 cloud-point extraction, 12 and solid-phase extraction [13] [14] [15] [16] [17] were developed to preconcentrate Hg and/or to separate it from other elements.
In most cases, recovery of Hg was carried out using high-concentration acid solution such as 3 M HCl, 13, 15 5 M HCl, 14 9 M HCl, 10 and conc. HNO3. 16, 17 Such high-concentration acid solutions require careful attention for usage in experiments and might result in deterioration of sensitivity in Hg measurement. The work by Jia et al. 18 showed that cysteine was effective for elution of Hg in solid phase extraction with a sulfonic acid based cation-exchange resin. However, it is well known that sulfonic acid is a strong cation-exchange functional group, which is able to adsorb various cations and is not selective for Hg. Nevertheless, the work of Soliman et al. 16 showed that Hg in water samples could be adsorbed to an adsorbent with sulfoxide functional group, a relatively weaker cation-exchange function group. In the present experiment, a solid phase extraction method was investigated using an adsorbent with sulfoxide functional group as the solid phase and using cysteine solution as the eluent of Hg, and our purposes were to find a better selectivity of Hg and an easier-operating eluent.
The present authors have developed a syringe-driven chelating-resin-packed mini-column, [19] [20] [21] which is effective for the preconcentration and separation of many trace metals. Such kinds of columns are convenient for the simultaneous multi-sample-pretreatment, on-site pretreatment, and high sensitivity measurement of trace elements.
In the present work, a syringe-driven column packed with adsorbents containing the sulfoxide functional group 22 was developed for a convenient and effective method for preconcentration of Hg, and for its separation from other elements.
A separation and preconcentration method based on solid-phase extraction using sulfoxide adsorbent was developed for the determination of Hg(II) in natural water samples by inductively coupled plasma mass spectrometry (ICP-MS). The sulfoxide adsorbent was packed into a commercially available syringe-driven column (with a bed volume of 1.0 mL), which permitted off-line sample loading and on-line elution/measurement. The optimized operating conditions were as follows: sample condition for Hg(II) adsorption, 0.5% HCl; sample-loading flow rate, 10 mL min -1 ; eluent for recovering Hg(II), 1% cysteine water solution. A test using multi-element mixed solution showed that most trace elements in natural water, except for Bi, could be completely separated from Hg(II). The recoveries of Hg(II) were 99.0 ± 3.2 and 100.7 ± 4.3%, respectively, when 0.64 and 0.16 ng mL -1 of Hg(II) were added into the test sample. The detection limit of Hg(II) using a quadrupole ICP-MS after 10-fold preconcentration was 1.5 pg mL -1 . The blank value was 2.8 ± 0.5 pg mL 
Notes
An LC pump (Shimadzu LC Ai-10, Shimadzu), a 4-port automatic-switching valve (AU-TF-4, GL Sciences Inc.), and a pair of luer connectors were used to construct the on-line measurement system with a syringe-driven column.
A laboratory-made multi-sample loading device, driven by the gravity of an adjustable weight, was used for simultaneous multi-sample loading to the syringe-driven columns.
The syringe-driven column packing unit and sulfoxide-functional adsorbent (Supelclean TM Sulfoxide; particle diameter, 50 μm) were provided by Supelco Analytical. The structure of the functional group of the adsorbent and the photograph of the packing unit are given in Fig. 1 . The amount of the adsorbent packed in each column was ca. 1.5 g (wet).
Reagents and chemicals
Ultrapure grade (Ultrapur ® ) HNO3, HCl, and 1000 μg mL -1 Hg standard solutions were purchased from Kanto Chemical Co., Inc. (Japan). Multi-element mix standard solutions (1000 μg mL -1 each) were purchased from Wako Pure Chemicals (Osaka, Japan). These standard solutions were properly diluted to obtain Hg solutions for making calibration curves and test solutions to check the separation effects of the present method. Pure water used throughout the present experiment was prepared by a Milli-Q purification system of Model Element A-10 (Nihon Millipore Kogyo, Tokyo, Japan).
Polypropylene sample bottles and single-use Eppendorf micropipette tips were soaked in 3 M nitric acid solution for one week followed by rinsing with pure water prior to the experiment. Single-use syringe of Terumo Series (Terumo Corporation, Tokyo, Japan) was used for loading the samples, rinsing the column, and passing 2% HNO3 through the syringe-driven columns.
A lake water sample was collected from Lake Kasumi-ga-ura and three river water samples were respectively collected from the rivers around Mt. Tsukuba. The water samples were immediately filtrated with membrane filters with the pore size of 0.45 μm and were adjusted to be 0.5% HCl. These water samples were analyzed with the present method. A certified reference material (CRM) issued by the National Metrology Institute of Japan (NMIJ), NMIJ CRM 7202-a, was also analyzed in the present experiment.
Packing of the column, operation procedure of solid-phase extraction and structure of the separation-measurement system
The adsorbent was soaked into pure water to obtain a slurry, which was loaded to the column body. Loading of the slurry to the column body from the inlet was carried out by sucking with a 5-mL syringe connected to the outlet of the column body using a male-to-male luer connector. Thereafter, another Teflon frit-filter was set into the end of the column body. Finally, the column cap was mounted to finish the column packing.
The optimized operating procedure for preconcentration and measurement of Hg was as follows. An aliquot of conc. HCl solution was added into each sample so that the concentration of HCl in the sample was approximately 0.5% (v/v). The sample was then loaded into the syringe-driven column at approximately 10 mL min -1 for adsorption of Hg. Then 2 mL of 2% HNO3 solution was passed through the syringe-driven column to remove other elements. Finally, the syringe-driven column was connected into the on-line system for elution and measurement of Hg.
The on-line elution and measurement system for Hg was constructed in the present experiment, the schematic of which is shown in Fig. 2 . As can be seen in Fig. 2 , the pump continuously sent 1% cysteine in water through a 4-port switching valve to the ICP-MS instrument. It is noted that two neighboring ports of the switching valve were respectively connected to a pair of luer connectors, which permitted the direct connection of the syringe-driven column and the on-line elution/measurement of Hg by simply switching the valve.
Results and Discussion

Dependence of Hg recovery on HCl concentration
In the present experiment, Hg was adsorbed on the adsorbent after adding an aliquot of conc. HCl into the sample. The dependence of Hg recovery on the concentration of HCl in the sample was investigated in order to obtain the optimum HCl concentration for Hg adsorption. To this end, 1 ng mL -1 Hg(II) solutions containing 0.1, 0.5, 1.0, and 2.0% HCl were respectively used as the test solutions. Recovery of Hg was measured after loading 10 mL of each test solution to the syringe-driven column. The results are plotted in Fig. 3(a) . As can be seen in Fig. 3(a) , the recovery of Hg exceeded 80% when the HCl concentration was 0.1. The recovery of Hg was approximately 100% when the HCl concentration in the sample was elevated to 0.5%, further elevation of HCl concentration up to 1 and 2% neither improved nor affected the recovery of Hg. These results indicate that Hg could be quantitatively adsorbed onto the adsorbent in 0.5 to 2% HCl solution. In the following experiment, all the samples were adjusted to be 0.5% HCl solutions.
Dependence of Hg recovery on sample-loading flow rate
The dependence of Hg recovery on sample-loading flow rate was investigated by using 1.0 ng mL -1 Hg in 0.5% HCl solution. The test solutions, 5 mL each, were respectively loaded into the syringe-driven columns at 0.5, 1.0, 2.0, 5.0, and 10.0 mL min -1 .
Then Hg adsorbed at each sample-loading flow rate was eluted and determined to investigate the recovery of Hg; the results are plotted in Fig. 3(b) . This figure shows that the recovery of Hg obtained was close to 100% regardless the sample-loading flow rate. These results showed that sample loading flow rate up to 10 ml min -1 did not affect the adsorption of Hg to the adsorbent. Sample loading flow rates exceeding 10 mL min -1 were not investigated because of the limitation of the present sample loading apparatus. In the following experiment, sample loading was carried out at 10 mL min -1 .
Comparison of HNO3 and cysteine solutions as the eluent of Hg
Various concentrations of HNO3 and cysteine solutions were investigated in order to ascertain the optimum eluent for Hg. The results of Hg recoveries obtained using HNO3 and cysteine solutions are plotted in Fig. 3(c) and Fig. 3(d) , respectively. As can be seen from Fig. 3(c) , the recovery of Hg increased with the increase of HNO3 concentration. The conc. HNO3 without any dilution was required to obtain a good recovery of Hg. By contrast, though 0.5% of cysteine could not elute Hg completely, 1% of cysteine solution was adequate to elute Hg from the column with a recovery near 100%.
As is indicated by the above mentioned results, it is possible to use conc. HNO3 as the eluent of Hg. However, it is not a good choice because much attention must be paid to the handling of conc. HNO3. In addition, conc. HNO3 is not fit for direct measurement using most analytical instruments, while dilution of the eluent will decrease the enrichment factor of Hg.
Therefore, cysteine solution was considered as the optimum eluent for Hg in the present work. As can be seen in Fig. 3(d the optimum eluent for Hg in order to obtain a higher recovery and a higher measurement sensitivity.
Separation effect of Hg from other elements
Ten milliliters of multi-element solution containing approximately 10 ng mL -1 each of Li, Be, B, Al, Sc, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Ag, Cd, Ba, all lanthanides (except for Pm), Hg, Tl, Pb, Bi, and U, and 10 μg mL -1 each of Na, Mg, K, and Ca, were adjusted to be 0.5% HCl and passed through the column. After passing 2 mL of 2% HNO3, 2 mL of 1% cysteine solution was passed through the column to elute Hg and the eluent was subjected to the measurement by ICP-MS. The results showed that Bi was obtained together with Hg with a recovery of approximately 100%, while the other elements were fully removed with a removal rate of approximately 100%. These results indicate that the present method is effective for enrichment of Hg and separating it from the other elements investigated in the present work, except for Bi, which is not an interfering element for measurement of Hg. These results also indicate that Bi could be used as internal standard in the solid-phase extraction and ICP-MS measurements of Hg.
Furthermore, each test solution passed through the column was collected and was subjected to the analysis by ICP-MS; the results showed that all of the tested elements except for Hg and Bi passed through the column with an adsorption rate of less than 2% for each of them.
Analytical figures of merits
Detection limit and blank value of Hg in the present method were investigated using 10 mL of 2% HNO3 solution as the test solution; the samples were subjected to the preconcentration and measurement in a similar way. The observed blank value was 2.8 ± 0.5 pg mL -1 (n = 5). Accordingly, the detection limit of Hg was 1.5 pg mL -1 , which was calculated as the equivalent concentration corresponding to 3-fold of the standard deviation of blank value. The detection limit and blank value could be further improved by increasing the sample volume, which results in an increase of the enrichment factor of Hg.
Recovery of Hg was investigated with river water samples spiked with 0.32 and 0.08 ng mL -1 of Hg, respectively. The recovery were 99.0 ± 3.2% (n = 3) and 100.7 ± 4.3% (n = 4), respectively. The elution profiles of Hg from the syringe-driven columns are shown in Fig. 4 .
Attempt to analyze river water samples and lake water samples
Natural water samples from Lake Kasumi-ga-ura and rivers around Mt. Tsukuba were analyzed with the present method.
However, the concentrations of Hg in these natural water samples were lower than the detection limits, which indicate that these water bodies did not suffer from noticeable Hg contamination.
The results of the analysis of NMIJ CRM 7202-a showed that the concentration of Hg in this CRM was also lower than the detection limit. Furthermore, when the CRM was spiked with 0.30 ng mL -1 of Hg, the concentration of Hg was observed as 0.30 ± 0.01 ng mL -1 (n = 4). The recovery of Hg was also 100% in this measurement and the result was in agreement with those of the recovery test detailed above.
Adsorption of Hg to other adsorbents with sulfur-related functional groups
In addition to the sulfoxide adsorbent used in the above mentioned experiment, the adsorption of Hg to other adsorbents with sulfur-related functional groups was further investigated. The adsorbents investigated were, respectively, 3-(mercapto) propyl-functionalized silica gel (-SH function), 3-(thiocyano) propyl-functionalized silica gel (-SCN function), and 4-ethyl benzenesulfonyl chloride-functionalized silica gel (-SO2Cl function), all of which were made by Supelco Analytical and provided by Sigma-Aldrich Japan Co. LLC.
A test solution (10 mL) with 1 ng mL -1 Hg(II) in 0.5% HCl and 2% HNO3 was passed through the columns packed with each of these adsorbents, and the solutions after the columns were respectively collected and subjected to the measurement of Hg by ICP-MS to check the adsorption effect of Hg. The results showed that approximately 100% of Hg could be adsorbed to the column with each kind of adsorbent. Furthermore, after 2 mL of 2% HNO3 was passed through each column, 2 mL of 1% cysteine in water was passed through each column to elute Hg. The results showed that approximately 0, 7, and 60% of Hg could be eluted from the columns packed with -SH, -SCN, and -SO2Cl functionalized adsorbents, respectively. These findings indicate that these adsorbents could also be used for preconcentration and separation of Hg, but that much stronger chemicals than 1% cysteine in water are needed to elute Hg from the adsorbents after adsorption. It should be noted that the adsorption of Hg to all of these adsorbents were carried out at 0.5% HCl solution, which indicate that the adsorption of Hg to the adsorbents might be as the chemical species of Hg-Cl complexes in a similar way to that suggested by Soliman et al. 16 The above mentioned results also indicate that the adsorption power of Hg-Cl complex to the function groups was in the order of -SH > -SCN > -SO2Cl > -SOCH3. 
Conclusions
A solid-phase extraction method using sulfoxide adsorbent (packed into a syringe-driven solumn) has been developed for preconcentration of Hg and separation from other elements. Before loading the samples into the syringe-driven column, the samples were simply adjusted into 0.5% HCl. After loading the sample into the column, 2 mL of 2% HNO3 was passed through the column to remove other elements. Complete elution of Hg from the column could be achieved using 1% cysteine in water.
In the present method, the recovery of Hg was close to 100%. The detection limit of Hg after 10-fold preconcentration was 1.5 pg mL -1 and the blank value was ca. 2.8 pg mL -1 . The removal rates of other elements except for Bi were close to 100%, which indicates that the present method is also effective for removing spectral interferences during measurement of Hg carried out by atomic absorption spectrometry or other instruments.
